Epidemiological studies suggest that an increase of PM 2.5 diesel exhaust particles (DEP) in ambient air corresponds to increased myocardial infarctions and atherosclerosis. When exposed to DEP, endothelial cells exhibit increases in oxidative stress and apoptosis, but the role of autophagy in this DEP-induced cell death remains unclear. Here, we suggest that acute DEP exposure produces intracellular reactive oxygen species (ROS) leading to induction of DEP internalization, endothelial dysfunction, and pro-inflammation in an in vitro human umbilical vein endothelial cells (HUVEC) model. This study found that increases in intracellular oxidative stress and cellular internalization of DEP occurred within 2 h of exposure to DEP. After 2 h of DEP exposure, Mdm2 expression was increased, which triggered cellular autophagy after 4 h of DEP exposure and suppressed cellular senescence. Unfortunately, phagocytized DEP could not be eliminated by cellular autophagy, which led to a continuous buildup of ROS, an increased release of cytokines, and an increased expression of anchoring molecules. After 12 h of DEP exposure, HUVEC reduced Mdm2 expression leading to increased p53 expression, which triggered apoptosis and ultimately resulted in endothelial dysfunction. On the other hand, when cells lacked the ability to induce autophagy, DEP was unable to induce cell senescence and most of the cells survived with only a small percentage of the cells undergoing necrosis. The results presented in this study clearly demonstrate the role cellular autophagy plays in DEP-induced atherosclerosis.
Particulate matter less than 2.5 lm (PM 2.5 ) make up a portion of emitted diesel exhaust particles (DEP). These emissions are mixtures of carbon cores, sulfides, heavy metals, and organic compounds (Boland et al., 1999) . Due to their small size, PM 2.5 is able to reach the alveolar regions of the lung. Epidemiological studies show that acute or chronic inhalation of DEP causes adverse pulmonary and cardiovascular health effects (Pope and Dockery, 2006; Pope et al., 2008; Rundell et al., 2007; Samet, 2000) . Although there are several proposed mechanisms for how inhaled DEP cause cardiovascular disorders, production of oxidative stress, initiation of inflammation, disruption of the vasculature, endothelial dysfunction, and atherosclerosis, we hypothesize autophagy is one of the mechanism that cause these effects (Ackland et al., 2007; Refsnes et al., 2006; Tseng et al., 2015) .
Our group previously showed that DEP-induced reactive oxygen species (ROS) plays a key role in cytokine production and apoptosis of human umbilical vein endothelial cells (HUVEC) monolayers and capillary-like tubes (Ackland et al., 2007; Chaudhuri et al., 2012; Refsnes et al., 2006) . Recent results suggest that short-term DEP exposure may cause mitochondrial oxidative stress in capillary-like tubes of endothelial cells, which can lead to decreased adenosine triphosphate (ATP) (Tseng et al., 2015) . Adenosine triphosphate reduction initiates the reorganization of the actin cytoskeleton and termination of the PI3K/Akt survival signaling cascade, which then leads to endothelial apoptosis (Tseng et al., 2015) and contributes to the formation of atherosclerosis and myocardial infarctions (Dejana et al., 2008; Soeki et al., 2004) . The mechanism by which DEP enters the capillary lumen remains unclear, but endocytosis, paracellular or transcellular transport between cells, or the dissolution of cell-cell junctions are possible mechanisms (Yang et al., 2005) . Chao et al. (2012) recently showed that DEP alters vascular permeability factor/VEGFA secretion from endothelial cells, which then contributed to the disruption of cell-cell barrier adherens junctions (Chao et al., 2012; Tseng et al., 2015) . They also showed that VE-cadherin was internalized and that DEP was sequentially translocated to the endothelial cytoplasm and the capillary lumen (Chao et al., 2011) . Nevertheless, transcellular transport might be another mechanism by how endothelial cells mediate DEP translocation (Freese et al., 2014) .
Diesel exhaust particles are internalized into the cytoplasm resulting in the production of oxidative stress, which may contribute to autophagy (Dewaele et al., 2010; Rodriguez-Vargas et al., 2012; Tseng et al., 2016) . It is well known that autophagy is a normal physiological process involving cell destruction via the highly conserved lysosomal pathway, which is crucial for maintaining cellular homeostasis and cell survival under stressful conditions (Chargui et al., 2011; Dewaele et al., 2010; Mai et al., 2012) . The lysosomal pathway involves the sequestration of cytoplasmic components into plasma membrane vesicles via a series of autophagy-related proteins that leads to lysosomal fusion and subsequent degradation (Yogalingam and Pendergast, 2008) . The component of DEP may alter cellular pH, which would paralyze the activity of hydrolytic enzymes, initiate lysosomal dysfunction, and lead to cell death (Stern et al., 2012) .
Alternatively, autophagy and apoptosis are linked due to "intracellular crosstalk" between these 2 processes (Eisenberg- Lerner et al., 2009) . Studies show that mitochondria are central organelles that coordinate both autophagy and apoptosis (Elmore et al., 2001 ) through the regulation of Akt and p70S6 kinase (Elmore, 2007) . Furthermore, autophagy and apoptosis share many of the same signals and proteins derived from autophagy-related genes (ATGs), such as Bcl-2, Beclin 1, Caspase-8, and DAPK (Klionsky and Emr, 2000; Marino et al., 2014) . Accordingly, Tseng et al. (2015) recently showed that DEPinduced apoptosis was mediated by the p53/Mdm2 interaction (Tseng et al., 2015) . Mdm2 is a negative regulator of p53 that is elevated at low doses of DEP and inhibits apoptosis, whereas high doses of DEP cause reductions in Mdm2 levels, upregulation of p53, and activation of apoptosis. Although the p53/ Mdm2 feedback loop is well-established, apoptosis, and autophagy are not mutually exclusive (Gozuacik and Kimchi, 2004) . Thus, we surmized that autophagy may occur when Mdm2 is activated to maintain cellular homeostasis and cell survival prior to p53 upregulation.
The present study seeks to test whether DEP-induced ROS formation simply precedes DEP internalization or whether it plays a central role in the initiation of both autophagy and apoptosis. Initial induction of autophagy may be the upstream mechanism that allows apoptosis to proceed leading to endothelial cell death and dysfunction. Here, we show that Mdm2 is elevated after just 2 h of DEP exposure, yet it decreases whereas p62 simultaneously accumulates in the cytoplasm. These results suggest that DEP may not be properly digested by autophagolysosomes, which leads to p53-dependent apoptosis at 12 h. Blockade of autophagy abolished activation of apoptosis, alleviation of DNA damage, and restored cell viability, but did provoke minor necrosis. Taking together, acute DEP exposure led to the production of intracellular ROS, induction of DEP internalization, initiation of endothelial dysfunction, and pro-inflammation. Localization of DEP in the cytoplasm corresponded with the generation of ROS and induction of apoptosis via autophagy pathways because DEP-induced cell death was mitigated in cells unable to induce autophagy.
MATERIALS AND METHODS
Reagents. Automobile DEP was kindly collected and provided by Dr Sagai, Tokyo (Sagai et al., 1993) , whereas carbon black particle (CBP, Pentax) was prepared according to previously published protocols (Chao et al., 2011) . The size of DEP was well-characterized in our previous research (Chao et al., 2011) . The DEP employed were dispersed to typical respirable sizes, PM 2.5 , assessed by dynamic light scattering. A total of 85% of these particles had a mean diameter of 380 nm; 14% were in the ultrafine range (PM 0.1 , 0.1 lm, ie, 100 nm). The composition of DEP was elemental carbon and organic compounds such as polyaromatic hydrocarbons (PAHs), nitroarene, and dioxine derivatives, and it also contains SO 4 À , NO 3 À , and their ammonium salts. Large amounts of light metals and trace amount of heavy metals are also contained in DEP. Concentration of the light metals in our DEP were 2710, 944, 374, 228, 204 , and 173 ppm for Na, Ca, K, Zn, Mg, and Al, respectively. Those of the heavy metals were 126, 12, and 6 ppm for iron, copper, and chromium, respectively (Fuchs and Packer, 2001 ). The DEP employed induce production of nitric oxide, superoxide, and other ROS (Bai et al., 2001; Chao et al., 2012; Tseng et al., 2015) . N-Acetyl-L-cysteine (NAC), Phorbol-myristate-acetate (PMA), and Nutlin-3a (N3a) were purchased from Sigma-Aldrich (St Louis). Rapamycin (Rap) and Chloroquine (CQ) were purchased from InvivoGen (San Diego).
Cell culture and treatment. Human umbilical vein endothelial cells (HUVEC) were purchased from Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). Cells were cultured at 37 C and 5% CO 2 in M199 culture media (Sigma-Aldrich), supplemented with 2.2 mg/ml sodium bicarbonate (Sigma-Aldrich), 90 lg/ml sodium heparin (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), endothelial growth factor supplement (Millipore, Temecula), and 10% fetal bovine serum (FBS) (Gibco, Invitrogen, Paisley, UK). For experiments, the cells were seeded in 100 mm dish, which has 78.5 cm 2 in surface area. The DEP (50 lg/ml) contained medium in 10 ml, which means we have total 500 lg DEP in the medium. And 500 lg DEP divided by the area 78. Cytoskeleton and immunofluorescence staining. After treatments with DEP, nonspecific reactivity was blocked with the addition of 2% normal goat serum (Invitrogen) with 0.02% NaN 3 (SigmaAldrich) and 0.05% Triton X-100 (Sigma-Aldrich) in PBS. The cells were then incubated with Phalloidin-TRITC (SigmaAldrich) for cytoskeleton actin localization. For immunofluorescence imaging, the cells were incubated with rabbit polyclonal primary antibodies anti-LAMP-2, anti-LC3, and anti-VEcadherin (Abcam, Cambridge) siRNA transfection. Human umbilical vein endothelial cells at 70% confluency were transfected in Opti-MEM (Invitrogen) with the indicated siRNA using Lipofectamine 3000 (Invitrogen). The final concentration of siRNA used was 30 nM. The transfection medium were removed after 24 h and maintained in complete HUVEC medium for 12 h prior to DEP exposure. The siRNA sequences for the control, 5 0 -GAUCAUACGUGCGAUCAGA-3 0 and ATG12 siRNA, 5 0 -CUUAACAGAUGUGAUCUAU-3 0 were synthesized by Sigma-Aldrich.
Western blot analysis. Total protein cell lysates were collected by Cell Lytic M lysis buffer (Sigma-Aldrich) according to the manufacturer's instructions and the protein concentrations were measured using the BCA method (Pierce/Thermo, Waltham). The samples were then denatured and loaded 40 lg/well onto SDS polyacrylamide gels for electrophoresis. Proteins were transferred to PVDF membranes using electrophoretic transfer (Bio-Rad, Richmond, USA). Nonspecific reactivity was blocked for 1 h at room temperature with standard 1Â TBST buffer containing 3% BSA (Sigma-Aldrich) and 0.02% NaN 3 (SigmaAldrich). Primary antibodies against SOD-1, catalase, HO-1, p62, ATG12-ATG5, LC3, p53, Mdm2, Bcl-2, Bax, Bad, Cytochrome c, and a-tubulin were used to probe the membranes. Secondary goat anti-mouse IgG or anti-rabbit IgG conjugated with HRP were used, and the specific protein products were visualized on Li-COR C-digit Blot scanner (LI-COR Biosciences) using a chemiluminescent reagent containing luminol (ECL Western Blotting Substrate, Promega). Equal protein loading was confirmed using a-tubulin immunoreactivity. Quantification of protein expression was normalized and presented as a fold of the control.
TUNEL assay. Apoptosis was determined using a fluorometric TdT-mediated dUTP Nick End labeling assay kit (TUNEL, Promega) according to the manufacturer's instructions. The nuclei were stained with DAPI. Human umbilical vein endothelial cells were assessed by incorporation of fluorescein-12-dUTP at the 3 0 -OH ends of the DNA and visualized using immunofluorescence microscopy (Olympus IX51 Inverted Microscope). Magnification was 100Â. The percentage of apoptotic cells was calculated by dividing the number of cells stained with dUTP fluorescein label by the number of cells stained with DAPI.
Caspase-3/7 activity assay. Caspase-3 activity was assessed using the Apo-One Homogeneous caspase-3/7 assay (Promega) according to the manufacturer's instructions. The treated cells were collected and extracted with the chilled cell lysis buffer, and incubated for 10 min on ice. Cellular debris was removed by centrifugation, then 50 ll of each cell lysate was measured according to the manufacturer's instructions. After 30 min incubation at 37 C, absorbance was determined using a microreader (Biotek Instruments, Inc., Winooski, Vermont). Absorbance values were compared with that of untreated controls and results were expressed as an average fold difference from the controls.
Flow cytometry. An Annexin V-FITC apoptosis detection kit (eBioscience, San Diego, California) was used to detect the ratio of apoptosis and necrosis. After treatments, cells were collected and stained with the Annexin V-FITC/Propidium Iodide (PI) reagents according to the manufacturer's instructions. Stained cells were determined using a FACScan flow cytometer (Becton Dickinson, CA) and analyzed using the ModFit software (Becton Dickinson). The apoptotic and necrotic cells were presented as a percentage of the total cell number.
Comet assay. The COMET Assay kit (Trevigen) was used to quantify DNA damage according to the manufacturer's instructions with some modifications. Molten low-melting agarose was mixed with 1 Â 10 5 cells/ml after treatment at 37 C at a ratio of 1:10 (vol/vol) and pipetted onto a COMET slide. The slides were incubated for 30 min in the dark at 4 C and immersed in precold (4 C) lysis solution for 2 h. The slides were then removed from the lysis buffer and immersed in unwinding buffer for 30 min at room temperature. The slides were transferred to a horizontal electrophoresis chamber. Voltage (21 V) was applied for 20 min at 4 C. After being washed in distilled water, the slides were immersed in 70% ethanol for 5 min at room temperature and allowed to dry. Slides were stained with SYBR Green and then analyzed using fluorescence microscopy (Olympus IX51 Inverted Microscope) at 200Â magnification. A total of 100-120 cells/sample were evaluated using the COMET Assay CASP LAB software. DNA damage was quantified by measuring: (1) the percentage of DNA in the COMET tail (Tail DNA%), (2) length of the COMET tail from the head area to end of tail (Tail Length in pixels), and (3) Tail DNA% Â Tail Length (Tail moment).
Endothelial tube formation assay. In order to determine the tube formation ability of DEP-treated HUVEC, Cultrex V R BME (Trevigen) was coated on the bottom of 24-well culture dishes (Cellstar, Germany) and solidified at 37 C for 30 min. Diesel exhaust particle-treated HUVECs (5 Â 10 4 cells/well) were plated on the BME-coated culture dishes for 24 h at 37 C and supplemented with 5% CO 2 . Tube morphology was observed using an Olympus IX51 Inverted Microscope. The tube length was quantified using Image J software. We measured the tube lengths from 3 random microscopic fields from each sample (Yang et al., 1999) .
Cell migration assay. Cell migration assays were performed using Transwell V R culture dishes (8 lm pore size; Corning). Diesel exhaust particle exposed cells were suspended in serum-free medium and seeded in the upper chamber. Medium containing 10% FBS was added to the lower chamber. After 24 h incubation at 37 C and supplemented with 5% CO 2 , the cells in the top chamber were discarded using cotton swabs. The cells on the insert membrane of the lower chamber were fixed using 4% paraformaldehyde for 10 min at room temperature, stained with a 0.5% crystal violet solution for 10 min at room temperature, and counted in 3 representative fields per insert (Kim et al., 2000) .
Total RNA extraction and qPCR analysis. Total RNA was isolated from DEP-treated HUVEC using the TRIzol reagent. RNA was quantified and reverse transcribed into cDNA using oligo-dTs and a Superscript Synthesis system kit (Invitrogen). To assess the quantity of endogenous TNF-a, IL-6, MCP-1, ICAM-1, VCAM-1, and E-selectin RNAs in HUVEC, gene specific primers were used at a final concentration of 300 nM. SYBR Green (Applied Biosystems, Foster City, CA, USA) was employed for fluorescence-based quantification of cDNA by real-time qPCR using an ABI Prism 7000 thermal cycler. The qPCR product was evaluated and normalized to 18S ribosomal mRNA levels and the negative control.
Statistics. Each experiment was performed at least 3 times and samples were always run as 3 independent repeats. Statistical differences between samples were tested with 2-way ANOVA and post hoc comparisons performed with Dunnett's method, by using Microsoft Excel software. Statistical differences were considered to be significant at the 95% level (P < .05).
RESULTS

HUVEC Internalize DEP and Leads to Increased Intracellular ROS Production
Exposure of DEP to HUVEC monolayers induced mitochondrial O 2 À as evidenced by the formation of fluorescent red puncta ( Figure 1A ). Whereas only a few spots appeared after 2 h of DEP exposure, they significantly increased 17.5% after 4 h ( Figure 1B ). This up-regulation of red puncta revealed that ROS was produced in response to DEP exposure. To identify the endothelial antioxidative capacity, SOD-1, catalase, and HO-1 protein levels were assessed using immunoblot ( Figure 1C ). As shown in Figure 1D , quantitation of the immunoblot results showed that these proteins increased in a time-dependent manner, but most significantly at 4 h DEP exposure. Nevertheless, addition of the ROS scavenger, NAC, mitigated the mitochondrial damage, and oxidative stress due to DEP exposure. The production of ROS also triggers pro-inflammatory response. Cytokines and anchoring molecules that play important roles in inflammatory response and transcellular transport were detected in DEP-exposed HUVEC. Our results demonstrated that levels of TNF-a, IL-6, and MCP-1 were elevated and it reached the maximum level at 8 h of DEP exposure, but were reduced after 24 h of DEP exposure ( Figure 1E , upper panel). Furthermore, the anchoring proteins, ICAM-1, VCAM-1, and E-selectin, were increased in a time-dependent manner and elevated significantly after 8 and 24 h of DEP exposure ( Figure 1E , lower panel). To observe whether DEP translocates into the endothelium, fluorescent-phalloidin and LysoTracker were applied to DEP-treated HUVEC to indicate the distribution of the cellular cytoskeleton and of lysosomes, respectively. As shown in Figure 1F , actin filaments aggregated near the internalized DEP to form phagocytic cups (arrows) after 2 h of DEP exposure. The number of DEP-treated cells containing phagocytic cups increased over time and reached maximal levels at 24 h ( Figure 1G ). Additions of NAC, an ROS scavenger, resulted in reductions of DEP internalization; therefore, we surmised that DEP-induced ROS formation altered actin filament distribution resulting in DEP translocation and internalization. As expected, lysosomes aggregated and overlapped with DEP starting at 2 h ( Figure 1H ) and increased time-dependently up to 24 h ( Figure 1I ). To confirm the amount of DEP accumulation within the cells, an elemental analyzer was used to determine cellular content of carbon, nitrogen, and hydrogen. As shown in Supplementary Table 1, carbon content was time-dependently increased, which indicated that DEP was internalized to the cytoplasm of HUVEC.
The Induced Intracellular ROS Dominates the Internalization of Particles Figure 1G suggests that DEP-induced ROS may play a central role in promoting HUVEC to internalized DEP. To test this hypothesis, CBP, representing a DEP, with or without the addition of PMA, an ROS inducer (Fay et al., 2006) was used in the following experiments. As shown in Figure 2A and B, addition of CBP did not cause HUVEC to generate ROS or alter their actin cytoskeleton. However, addition of PMA did cause CBP to become cytoplasmic and internalized by HUVEC lysosomes in a time-dependent manner ( Figure 2C ). The cell morphology in CBP plus PMA was similar to samples treated with DEP alone. These results suggest that the fluorescent spots overlap with CBP and ROS may mediate this translocation (Supplementary Figure 1) . To confirm whether ROS triggers CBP internalization, z-stack scans were collected using on a Leica TCS SP5 Confocal Spectral Microscope. A cell was scanned and dissected with 7 layers with 0.6 lm/slice. As shown in Figure 2D , CBP localized in between 1.2 and 2.4 lm (white arrows). In an attempt to confirm whether particle translocated into the cell, we targeted on 3 focal plans (top, middle and bottom) of the cell in the presence of PMA. In Figure 2E , we found that CBP was present in the z-section focused on the middle plan. As seen in the bottom z-section, CBP appeared to be surrounded by red fluorescence indicating the presence of actin filaments. The side y and bottom z plane bar images together suggest that the particle is contained inside the cell.
Using an elemental analyzer to analyze the collected CBP in the cells, we observed that CBP significantly accumulated in the cytoplasm in the presence of PMA after 12 h (Supplementary Table 2 ).
Cytoplasmic DEP Induce Autophagy as Well as Mdm2 Upregulation
Because DEP is present in the cytosol via ROS-mediated internalization, we considered that autophagy may be the sequential mechanism by which HUVEC digest DEP 16, 33 . Microtubuleassociated proteins light chain 3 (LC3) is an autophagy marker that is responsible for autophagosome formation. As shown in Figure 3A , LC3 levels increased after 4 h of DEP exposure and was co-localized with LAMP-2 at 8 h. Images at higher magnification showed that LC3 (green) increased time-dependently but the presence of the autophagolysosome (orange punctate) did not appear until 8 h ( Figure 3B ). The number of LC3 presenting cells and increased LC3 puncta within the cells reached maximal levels at 24 h ( Figure 3C and D) , which suggested that autophagy started at 4 h and that the autophagosomes fused with the lysosomes at 8 h. Furthermore, the autophagic-related proteins, ATG12-ATG5 (Levine and Yuan, 2005), LC3-II (Mizushima et al., 2010) , and p62 were upregulated at 4 h and reached peak levels at 24 h ( Figure 3E and F) . These results indicate that autophagy may not be completed within 24 h and that ROS plays a central role in the induction of autophagy. These results support our previous observations that DEP is able to produce intracellular oxidative stress in a time-dependent manner. Addition of a ROS scavenger, NAC, resulted in no detectable fusion of LC3 or LAMP-2 and the disappearance of autophagy. On the other hand, the presence of cytoplasmic DEP induced significant increases in Mdm2 at 2 h but decreased shortly thereafter ( Figure 3G ). Sequentially, p53 levels were increased by 5.4-and 6.6-fold compared with controls at 12 and 24 h, respectively. Nutlin-3a was accessed as Mdm2 inhibitor. Addition of Nutlin-3a (N3a) directly increased p53 levels, whereas also decreasing Mdm2 levels at 2 h; therefore, these cells appeared to skip autophagy and directly induced apoptosis. These results suggest that internalized DEP may stay in the autophagosomes without digestion for 24 h allowing for intracellular ROS to be continuously generated ( Figure 3H ). Interestingly, cells may not directly die within 12 h due to the up-regulation of antioxidative enzymes that help to balance out the increased levels of oxidative stress ( Figure 3I ). Thus, earlier uptake of DEP may induce Mdm2 expression, which leads to a down-regulation of p53 activity and induction of autophagy. Longer exposure of DEP exposure, 12 h, may cause severe oxidative stress leading to autophagy, increased p53 expression, and decreased Mdm2 levels.
Mdm2
Mediates DEP-Induced Autophagy and Apoptosis TUNEL and caspase 3/7 assays indicated that DEP can induce significant endothelia apoptosis after 12 h ( Figure 4A-C) . Bcl-2 plays a vital role in cell survival in response to apoptotic stimuli through inhibition of mitochondrial Cytochrome c release (Murphy et al., 2000) . Bax and Bad are pro-apoptotic proteins that trigger mitochondrial membrane permeability (Korsmeyer et al., 1993) . In these experiments, Bcl-2 protein levels were Magnification ¼ Â400. Scale bar ¼ 25 lm. I, The quantification of the number of cells which DEP accumulated in the lysosomes was measured in five random images of each sample. Values were divided by the amount of nuclei stained in the assessed region and expressed as the number of events per 100 cells. *P < .05, **P < .01, and ***P < .001 compared with the negative control. § and † present P < .01 and P < .001, respectively, compared with DEP-treated with DEP þ NAC-treated samples.
decreased, whereas Bax, Bad, and Cytochrome c protein levels were significantly increased and reaching peak levels at 4, 8, and 12 h, respectively ( Figure 4D and E). Blockade of ROS generation via NAC treatments reversed these results. It suggests that NAC scavenge DEP-induced ROS and autophagy, therefore, apoptosis will be prohibited. To investigate whether this apoptosis was mediated by the Mdm2/p53 feedback loop, Nutlin-3a was added with DEP to the cells. Interestingly, Bcl-2 was downregulated at 2 h ( Figure 4D ), whereas Bax, Bad, and Cytochrome c were simultaneously up-regulated ( Figure 3E ). These results demonstrate that activation of apoptosis can be rescheduled from 12 to 2 h and Mdm2 might play a vital role against the induction of autophagy and cell death.
Autophagy Deficiency Restores Cell Survivability in DEP Exposure
Autophagy is an intracellular degradation system that delivers cytoplasmic DEP to the lysosomes. Although DEP cannot be digested or continuously induce ROS generation, our data demonstrates that HUVEC do increase Mdm2 expression to stimulate autophagy and protect the cells from the induction of apoptosis. However, it is still unclear whether autophagy is the initiator of endothelial apoptosis in response to DEP; therefore, we used ATG12-KO HUVECs, an autophagy-deficient cell model to test this hypothesis (Li et al., 2015; Qiang et al., 2014) . As shown in Figure 5A , ATG12-ATG5 and LC3-I were unaffected; however, p62 and LC3-II were significantly increased after 12 h. Mdm2 and p53 levels were reduced simultaneously beginning at 2 h. Furthermore, other apoptotic proteins (Bcl-2, Bax, Bad, Cytochrome c) showed no activation at 0-24 h ( Figure 5B ). Although mitochondrial superoxide anion generation was attenuated, exposure to DEP still induced intracellular ROS production in a time-dependent manner ( Figure 5C ). Although the presence of DEP remained cytotoxic to the cells, use of ATG12-KO HUVEC resulted in an increase in the numbers of viable cells ( Figure 5D ). These results indicated that ATG12-KO HUVEC might alleviate DEP-induced cytotoxicity via inhibition of the autophagy-apoptosis pathway. In order to determine how DEP still causes cell death in the absence of the autophagy/apoptosis pathway, flow cytometry was used to quantitate the state of the cell populations following DEP treatment. As shown in Figure  5E , cells did appear in the upper left quadrant, which illustrated that some cells were undergoing necrosis, but only 9% of the cells were necrotic at 24 h ( Figure 5F ). The DEP exposure is known to cause DNA damage (Duan et al., 2016; Kyjovska et al., 2015) . We hypothesized that DEP-induced autophagy may play a role in induction of DNA damage. Comet assay was used to determine whether DEP-induced DNA damage in ATG12-KO HUVEC. As shown in Figure 5G , the tail DNA of ATG12-KO HUVEC was so short that indicated no DNA damage was detected in ATG12-KO HUVEC. The quantification of the tail DNA, tail length, and tail moment also shown the corresponding results ( Figure 5H ). It suggests that the key role autophagy acts in inducing apoptosis by DEP exposure.
DEP Trigger Autophagic HUVEC to Vascular Dysfunction and Atherosclerosis
As shown in Figure 6A , DEP-induced autophagy might contribute to endothelial dysfunction by disrupting VE-cadherin at the adherens junction of the endothelial cells as evidenced by the observed punctate pattern. In order to reveal whether autophagic HUVEC lose their ability to form capillary-like structures in vitro, we subcultured autophagic HUVEC treated with DEP for 2, 4, 8, 12, and 24 h on Matrigel using the well-established tube formation assay. Our results showed that DEP-treated HUVEC could not form capillary-like structures following 2 h of DEP exposure, and the configuration of endothelial tubes decreased gradually over time ( Figure 6B ). The discontinuity ratio of endothelial tube formation following 24 h of DEP exposure was one-third less than that of the untreated control ( Figure 6C ). In the migration assay, the autophagic HUVEC showed poor migration ability as well ( Figure 6D and E). It is well known that endothelial apoptosis is linked to inflammatory responses and atherosclerosis (Choy et al., 2001; Nabata et al., 2008) . Based on this collection of data, we conclude that internalized DEP induces ROS generation, activates autophagy and apoptosis, and ultimately contributes to atherosclerosis.
DISCUSSION
This study demonstrated that DEP exposure could lead to cardiovascular diseases by inducing autophagy of endothelial cells. Mdm2 and p53 protein expression. ¶ indicates significant differences (P < .05) between 2 h-treated sample and other samples. H, Measurement of intracellular ROS with using Cm-H 2 DCFDA method. I, The level of SOD-1, catalase, and HO-1 expressed at 8, 12, and 24 h were determined by western blot. J, Quantification of SOD-1, catalase, and HO-1 expression. *P < .05, **P < .01, and ***P < .001 compared with the negative control.
The study proved that exposure to high dosages of DEP induced the generation of superoxides in the mitochondria of endothelial cells and reduced ATP availability, which decreased Mdm2 levels and subsequently increased p53 levels resulting in the apoptosis of the endothelial cells (Tseng et al., 2015) . On the other hand, when exposed to low dosages of DEP, Mdm2 expression was increased whereas p53 expression was suppressed resulting in reduced endothelial cell apoptosis at 2 h. At this time point, the cell may face the choice between survival and death; therefore, we postulated that cell autophagy plays an indispensable role in this decision. When vascular endothelial cells come in contact with DEP that has infiltrated the system through lung alveoli (Chao et al., 2011; Chao et al., 2012; Nemmar et al., 2002) , the mitochondria contained within these endothelial cells produce superoxide anions that lead to intracellular oxidative stress. Upon exposure, the endothelial cell then internalizes the DEP, which, under ordinary circumstances, would be broken down by lysosomes within the cell. However, DEP may continuously buildup in lysosomes for 24 h. Previous studies pointed out that TNF-a and ICAM-1 expression by endothelial cells lead to transcellular transport. Our results showed that TNF-a and ICAM-1 were elevated in response to DEP exposure. It demonstrated that transcellular transport would be possible mechanism to internalize DEP. On the other hand, phagocytosis may involve in DEP internalization due to actin rearrangement ( Figure 1F ) Furthermore, lysosome pH may also be affected by internalized nanomaterials that leads to a buildup of nanomaterial within the lysosomes (Stern et al., 2012) . Internalized materials that contain heavy metals may build up without being broken down can lead to cytotoxicity (Chargui et al., 2011) . Hence, we postulated that the buildup of lysosomes following 24 h of DEP exposure was caused by the inability of the lysosome to break down the DEP.
To verify if internalization of DEP would lead to intracellular oxidative stress, we cultured endothelial cells with a PM 2.5 , CBP, alone or in combination with PMA. We found that cultures with PMA added exhibited significantly higher rates of CBP internalization compared with the cultures provided with CBP alone. The CBP buildup within the lysosome was also observed, D, The level of apoptotic proteins in response to DEP 6 NAC or DEP þ Nutllin-3a (5 lM; N3a) were determined by western blot. HUVEC treated with Chloroquine (CQ) for 24 h and Rapamycin (Rap) for 12 h are the autophagy-inhibition control and autophagy-induction control, respectively. E, Quantification of Bcl-2, Bax, Bad, and Cytochrome c expression. Significant differences from control values are indicated with *P < .05, **P < .01, and ***P < .001.
demonstrating that the presence of active oxides was a major reason for inducing endothelial cell internalization of DEP. This observation proved that DEP entered the endothelial cells via induction of intracellular oxidative stress.
Cells initiated autophagy after 2 h to eliminate DEP and the generated free radicals. To attempt DEP removal, DEP was initially surrounded by autophagosomes and later fused with lysosomes to form autophagolysosomes. The appearance of autophagosomes was accompanied by increased Mdm2 expression, which suppressed both p53 expression and apoptosis. This observation was similar to outcomes from a recent study by Tseng et al. (2015) . A potential explanation for these results is that autophagy alone is sufficient for breaking down DEP accumulation within the cells, which reduces cytotoxicity for low dosages of DEP or shorter times of DEP exposure. Hence, p53 expression would be suppressed before the 12 h mark. Unfortunately, the inability of the lysosomes to break down DEP led to the accumulation of autophagolysosomes and significant increases in the expression of autophagic proteins. However, the number of cells that phagocytized DEP did not decrease with the completion of autophagy. Despite the increased protein expression of anti-oxidative enzymes, the induction of intracellular ROS by DEP exposure could not be effectively mitigated. Hence, the affected cells chose to reduce the expression of Mdm2 and increase p53 expression after 12 h to trigger cell senescence. On the other hand, the use of N3a to suppress Mdm2 expression prevented cells from initiating autophagy when exposed to DEP; therefore, the cells triggered apoptosis after only 2 h. This result demonstrated that Mdm2 was responsible for inducing cellular autophagy. Without Mdm2, the cell would skip autophagy and directly initiate apoptosis.
Therefore, we were curious whether DEP would initiate cellular apoptosis if autophagy was removed. To test this question, we employed siRNA to knockdown the gene responsible for forming autophagosomes, ATG12. For cells that lacked FIG. 5 . Autophagy deficiency restores the cell viability replying DEP exposure. A, ATG12-KO HUVEC were treated with 50 lg/ml DEP for 0, 2, 4, 8, 12, and 24 h and the level of ATG12-ATG5, p62, LC3-I, LC3-II, Mdm2, p53, Bcl-2, Bad, Bax, and Cytochrome c were determined using western blot. Sham is the sample treated with the scrambled siRNA. B, Quantification of the band intensity. *P < .05 compared with the untreated control. C, Quantitation of mitochondrial ROS (MitoSOX) and intracellular ROS (Cm-H 2 DCF-DA). Values were divided by the number of total cells in the assessed region to attain a number that was normalized and presented as a fold of the control.
Significant differences from the 0 h sample values are indicated with *P < .05. D, Cell viability of HUVEC and ATG12-KO HUVEC in response to DEP. § and † present P < .05 and P < .01, respectively, compared with DEP-treated samples. E, Necrotic ATG12-KO HUVEC were identified by FACS analysis of cells after Annexin V-FITC and PI staining. F, Time-responses based on all data are plotted. G, DNA damage was determined with using the alkaline comet assay. HUVEC treated with CQ and Rap were the autophagy-inhibition control and the autophagy-induction control, respectively. Cells treated with H 2 O 2 was the positive control. H, Quantitation using the COMET Assay Software Project (CASP LAB software) of comet tails presents DNA tail (%), tail length (pixel), and tail moment. Significant differences from the negative HUVEC control values are indicated with ***P < .001. ATG12, expression of LC3-II and p62 started to increase significantly after 12-24 h of DEP exposure. These cells were unable to initiate autophagy, whereas expression of apoptotic proteins was also suppressed. Hence, suppressing autophagy also led to reduced apoptosis. In regard to intracellular oxidative stress, ATG12-KO cells also generated less superoxide anions after DEP exposure, which was consistent with recent observations showing that superoxide anions produced by mitochondria-induced cellular senescence. However, continuous buildup of free radicals within the cell may still lead to intracellular oxidative stress and cell death (Hiura et al., 2000) . Interestingly, these same cells still exhibited higher survivability rates compared with normal cells. We found that DEPinduced cell death could not be completely suppressed by reducing autophagy. Flow cytometry measurements revealed that ATG12-KO cells underwent cell death via the necrosis pathway after DEP exposure; however, only 9% of the cells underwent cell death following 24 h of DEP exposure. Additionally, the comet assay revealed that DNA damage in normal cells was more extensive as exposure time to DEP increased and eventually led to cellular apoptosis. Conversely, ATG12-KO cells did not exhibit significant increases in DNA damage after DEP exposure. This observation proved that cells with reduced cellular autophagy did not undergo DNA damage and were capable of maintaining survivability even after DEP exposure. However, DEP-induced cellular ROS production still led to necrosis in a small percentage of cells.
Finally, our results showed that DEP-induced autophagy could lead to endothelial dysfunction and atherosclerosis. Autophagic HUVEC formed discontinuous intracellular VEcadherin, which reduced adherens junction connections between endothelial cells. In cells whereby autophagy was induced 2 h after DEP exposure, HUVEC differentiation into vascular structures and their migration were significantly reduced. Longer exposure times to DEP resulted in extreme defects in HUVEC cellular differentiation and migration capabilities. TNF-a, IL-6, and MCP-1 cytokines were released by autophagic HUVEC after 8 h of DEP exposure, which could induce monocytes to enter the subendothelial layer and significantly increase cell autophagy and gradually reduce Mdm2. After 12-24 h of DEP exposure, gradual onset of cell senescence and increased amounts of anchoring molecules occurred. Additionally, increased amounts of specific anchoring proteins, such as VCAM-1, ICAM-1, and E-selectin, on the surface of endothelial cells would also attract monocytes to enter the subendothelial layer (Hwang et al., 1997; Nakashima et al., 1998) . After monocytes differentiate into macrophages, they could start to accumulate in the subendothelial layer to form atherosclerotic plaques. General senescence of endothelial cells would also increase endothelium permeability and further encourage the formation of atherosclerotic plaques, ultimately resulting in atherosclerosis (Davignon and Ganz, 2004) . In conclusion, this study found that increases in intracellular oxidative stress and cellular internalization of DEP occurred within 2 h of exposure to DEP. After 2 h of DEP exposure, Mdm2 expression was increased, which triggered cellular autophagy after 4 h of DEP exposure and suppressed cellular senescence. Unfortunately, internalized DEP could not be eliminated by cellular autophagy, which led to a continuous buildup of ROS, an increased release of cytokines, and an increased expression of anchoring molecules. After 12 h of DEP exposure, HUVEC reduced Mdm2 expression leading to increased p53 expression, which triggered apoptosis and ultimately resulted in endothelial dysfunction. On the other hand, when cells lacked the ability to induce autophagy, DEP was unable to induce cell senescence and most of the cells survived with only a small 
